In 1924, Haldane, Wigglesworth, and Woodrow reported on the effect of reaction changes on human inorganic metabolism (1). They found that respiratory alkalosis caused a sharp fall and respiratory acidosis a sharp rise in serum phosphorus concentration. They also examined metabolic changes induced by oral ingestion of Na-HCO3 or NH4Cl for several days, but respiratory compensation would have minimized pH changes under the conditions of their experiments. They found no significant deviation of serum phosphorus from normal values. The influence of alkalosis on serum and urinary phosphorus has been intermittently observed since that time during experiments on hydrogen ion disturbances in dogs and in man (2-9). However, most recent reviews on phosphorus metabolism and the parathyroids do not mention the effect of blood hydrogen ion concentration or carbon dioxide tension upon the concentration of phosphorus in the serum or upon the urinary excretion and clearance of phosphorus (10-22).
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Our study was undertaken to evaluate the range of variation of plasma phosphorus concentration under the influence of elevated blood pH, to ascertain whether hydrogen ion concentration or CO2 content is the critical determinant, and to consider possible explanations for the fall in concentration of phosphorus. 
Methods
Sixteen experiments were performed between 8 a.m. and 2 p.m. in eleven healthy young adults from 20 to 40 years of age. Three major experimental designs were used. In six experiments respiratory alkalosis was induced by voluntary hyperventilation. The Pco2 of expired air was monitored with a continuous infrared CO2 analyzer. Breathing was controlled to reduce the endexpiratory Pco2 from a control range of 35 to 40 mm Hg to a range of 13 to 20 mm Hg.
In four experiments hyperventilation without alkalosis was studied as a control. Two of these were conducted with a Bird Mark VIII respirator using both positive and negative pressures. After a control period of selfregulated respiration, hyperventilation was induced by increase in rate and depth of exchange. The inspired gas mixture was adj usted to contain sufficient CO2 to maintain end-expiratory Pco2 at control levels. After stabilization under these conditions, CO2 was removed from the inspired gas mixture, and respiratory alkalosis was induced. In two further experiments voluntary active hyperventilation was carried out in a tent receiving 10%o CO2 and 90% 02 so that end-expiratory Pco2 was maintained at control levels.
In six other experiments, metabolic alkalosis was induced. NaHCO2, in amounts from 3.5 to 4.5 mEq per kg body weight, was given intravenously over a 30-minute (27) and expressed as concentrations of phosphorus. Sodium and potassium concentrations were measured with a flame photometer using lithium as an internal standard. Creatinine chromogen was measured in plasma and urine, using a Folin-Wu (28) precipitate and the Jaffe reaction with alkaline picrate as modified by Bonsnes and Taussky (29) . Serum calcium was measured by titration with EDTA using murexide as an indicator in the manner of Fales (30) . Blood glucose was determined by the method of Somogyi as modified by Nelson (31) .
All analyses were performed in duplicate from separate samples of plasma or urine. Urinary clearances were calculated using mid-point serum concentrations for each period. Indexes of analytical precision are listed in the appendix.
Analysis of variance of the data on serum concentrations and renal excretions were carried out according to methods described by Snedecor (32) . Missing values were calculated by the least squares method. The data were considered to belong to the category of mixed Model I and Model II samples. Period (Pi) and blood specimens (Bk())within periods were considered fixed effects, whereas subjects (Sj) were random effects.
Symbolically:
Variance ratios were calculated from the appropriate estimated mean squares and compared with the table of "F" ratios for significance (33). Significant contributions of factor means to the total variance are noted in the tables. Because of the occurrence of significant subject-period interactions, no effort was made to quantitate precisely the significance of differences between individual periods. For purposes of summary, simple standard deviations for the variables within each experimental period are given.
Results
Respiratory alkalosis. Table I gives analyzed and derived data from the blood in six experiments during respiratory alkalosis produced by active hyperventilation. Figure 1 is Figure 1 .
The effect of prolongation of hyperventilation with alkalosis on the variables shown in Figure 1 and 2 is graphically represented in Figure 5 pressed throughout the experiment despite a late respiratory alkalosis. During recovery the plasma recovery of the depressed creatinine clearance. phosphorus returned to 1.03 with only mild corPotassium excretion peaked with the onset of al-rection of the alkalosis. Plasma calcium and pokalosis but gradually fell as blood levels fell. tassium fell significantly during alkalosis and Metabolic alkalosis. Table III gives the ana-remained low during recovery. lyzed and derived data from the blood in six ex- Table IV and Figure 2 record the renal excreperiments during metabolic alkalosis produced by tion data with metabolic alkalosis. In spite of NaHCO3 infusion. The broken lines of Figure 1 the falling plasma phosphorus concentration, represent the changes that were observed in there is a rise that is not significant in urinary plasma and blood. A slightly less marked degree phosphorus excretion from a mean of 13.8 to of alkalosis was induced with a rise of mean pH 18.6 umoles per minute during the infusion and to from 7.41 to 7.59. The whole blood CO2 con-19.2 ,tmoles per minute during recovery. The tent rose from a mean of 20.3 to 31.8 mmoles per phosphorus clearance followed the same pattern, L. The calculated Pco2 rose from a mean of rising from a mean of 13.1 to 22.1 and 19.7 ml 39 to 44 mm Hg. In contrast to the respiratory per minute. The creatinine clearance did not alkalosis experiments, during the recovery period change significantly during the period of alkalosis there was only moderate reversion of the alkalosis or after, but a mean increase from 145 to 150 toward the control level, with a fall in pH from ml per minute was noted. Urinary potassium exthe mean of 7.59 during infusion to 7.53 in "re-cretion rose from a mean of 55 /AEq per minute covery." Whole blood CO2 content and calcu-to 265 juEq per minute during infusion and related Pco2 changed insignificantly during this mained elevated at 151 1uEq per minute during period.
recovery.
The plasma inorganic phosphorus concentration Discussion shows a consistent fall from a mean of 1.10 to 0.82 mmole per L. This change was uniform in direc-
The "normal" serum phosphorus concentration tion but of smaller magnitude than that seen in is known to be affected by several determinants. Dietary phosphorus intake (20), stage of growth (14, 34) , and time of day (35, 36) contribute to the variability of the fasting serum phosphorus concentration. Table V gives the range of normal values reported by several authors. The present data show that in normal man, physiological and experimental disturbances of acid-base balance can modify the serum phosphorus concentration in a predictable manner. The inclusion of patients with unsuspected disturbances of acid-base balance in normal series increases the apparent range of normal variation and impairs the sensitivity of the serum phosphorus concentration in the diagnosis of disease.
The relationship between plasma phosphorus concentration and pH is shown in Figure 6 . Control values are closely grouped in both experiments, but a large scatter is seen in the recovery periods of both groups. Inspection of Tables I and III reveals a progressive rise in plasma phosphorus concentration without a corresponding change in pH at the end of recovery, suggesting a rebound phenomenon. Figure 7 represents mean values for all subjects for each specimen and shows the sequence of changes observed.
Two important differences between respiratory and metabolic alkalosis might account for the difference in fall of phosphorus concentration. The elevated total CO2 in metabolic alkalosis is in marked contrast to its depression in respiratory alkalosis. If phosphorus disappears by an ion exchange process, an elevated bicarbonate might compete with phosphorus for sites of exchange and minimize the fall in phosphorus concentration in metabolic alkalosis. This competition for binding sites has been described in vitro in bone salts (39) .
The other difference between the two alkaloses is in the rate of change of hydrogen ion concentration in the intracellular compartment. As has been pointed out by Robin (40) acute changes in respiratory acid-base relationships are transmitted into the cell much more rapidly than metabolic acid-base changes. If the fall in plasma phosphorus concentration described here is attributable to intracellular migration of the element, a more rapid disappearance from the plasma might be expected from the greater intracellular alkalosis of hyperventilation.
The site of disappearance of phosphorus from the extracellular fluid is a matter of major inter- (41) showed in 1920 that with hyperventilation the glucose tolerance curve becomes diabetic in type. This impairment of glucose utilization should cause a rise in serum phosphorus rather than a fall. In the studies reported here, there is no evidence of the fall in blood glucose that is seen when rapid deposition of glycogen lowers the serum phosphorus after insulin administration or secretion (42, 43) .
The fall in plasma inorganic phosphorus is not accounted for by movement into the erythrocytes unless there is a rapid conversion to organic phosphates. The inorganic phosphorus of whole blood changes in the same direction as plasma phosphorus. This indicates that phosphorus has migrated out of the vascular compartment or has become organically bound. A slow conversion to organic phosphates under conditions of in vitro glycolysis at low CO2 tensions has been described (44) , but in the absence of accelerated glycolysis this phenomenon is unlikely to proceed at the rate seen in the acute experiments.
The renal excretion data clearly show that external losses of phosphorus do not account for the fall in plasma phosphorus concentration. In respiratory alkalosis the excretion falls nearly to zero. In metabolic alkalosis the phosphorus excretion rises by an average of 5 /imoles per minute, but this rate for 90 minutes would produce an increase over control of only 0.45 mmole of phosphorus. This is insufficient to account for the phosphorus lost from the extracellular fluid. The distinctly greater creatinine clearances associated with bicarbonate infusion may well account for the greater phosphorus excretion in metabolic alkalosis.
The possibility that alkalosis produces the precipitation of some salt of phosphate needs to be considered (45) . The molar changes in calcium concentration in plasma are consistently much smaller than the changes in phosphorus concentration with alkalosis. Since in bone salts the molar ratio Ca: P is in the range 1.3 to 2.0 (45), it is unlikely that precipitation of calcium phosphate accounts for the fall in serum phosphorus. Corresponding changes in magnesium concentration have not been studied in these experiments.
With respiratory alkalosis, a rise in serum citrate from 1.80 to 2.77 mg per 100 ml (.094 to .145 mmole per L) and a rise in serum lactate from 8.3 to 16.3 mg per 100 ml (.92 to 1.82 mmoles per L) have been reported by Axelrod (7) . The fall in serum phosphorus reported at the same time was from 3.51 to 2.61 mg per 100 ml (1.13 to 0.84 mmole per L). If citrate is assumed to have a valence of -3 and lactate a valence of -1, and if 80%o of the phosphorus has a valence of -2 and the rest of -1, a crude calculation of equivalence may be made. In the plasma 1.05 mEq per L of organic acids have appeared, and 0.54 mEq per L of phosphorus have been lost. This calculation makes no correction for activity of the components exchanged, but the order of magnitude is such that an ion exchange mechanism seems possible. Similar data for metabolic alkalosis are not available. Preliminary studies of a-v differences across cortical bone and parenchymal organs in the dog suggest that exchange for lactate in the soft tissues rather than exchange in bone is the site of disappearance of phosphorus in alkalosis. Summary Acute respiratory and metabolic alkalosis have been shown to depress plasma phosphorus concentration in normal man. The fall in plasma phosphorus concentration is greater in respiratory than in comparable levels of extracellular metabolic alkalosis. This fall is not attributable to increased renal excretion or to migration into red blood cells. The evaluation of low serum phosphorus concentrations should always be carried out with a knowledge of the pH and total CO2 content of the plasma.
